Introduction
Protection of molecular structures of drugs is required in order to retain their active groups and therapeutic efficiency. For example, the lactone ring of camptothecin (CPT) drugs is converted to carboxylate form, which possesses high affinity to human serum albumin (HSA) at physiological pH 7.4, and is preferentially eliminated from the body [1, 2] Encapsulation of CPT inside polymer nanoparticles prevents the conversion of CPT into the inactive carboxylate form during blood circulation, thus increasing its likelihood of reaching the target site [3] [4] [5] [6] . CPT has been conjugated with a variety of polymers such as β-cyclodextrin [7, 8] , N-hydropropylmethacrylamide (HPMA) [9] , polylactide (PLA) [10] , polyethylene glycol (PEG) and polymethcryloyloxyethyl phosphoroylcholine (polyMPC) [11] , to improve efficacy. There are other formulations such as liposomes consisting of floxuridine and CPT-analog irinotecan [12] , and micelles comprising of CPT derivative SN38 [13] . The nanostructured derivatives of CPT increase systemic exposure to CPT and anti-cancer activity in patients; however, the side effects are diarrhea, hepatic toxicity and renal failure [14, 15] . In addition, most nanoparticle-drug conjugates suffer from aggregation with hydrophilic and hydrophobic backbone of nanoparticles [16] , and, therefore, low drug release.
In contrast, in the present work, we have developed a method to coat a bioresponsive polymer on elongated drug NRs. While conventional nanoparticles are made of lipids, metals, and polymers, we prepared rod-shape nanoparticles using pure anti-cancer drugs and deposited a thin layer (10.3±1.4 nm) of bioresponsive polymer coating on drug NRs. Recent studies have shown that NRs enhance drug delivery as reflected in improved blood circulation time [17] , specific receptor binding [18] and cellular internalization by target cells [18] . Theoretical models and in vivo biodistribution studies support these experimental outcomes [17, 19, 20] . Cationic cross-linked PEG hydrogel NRs are internalized by HeLa cells more rapidly than symmetrical shaped particles [21] . Mesoporous silica NRs of 450 nm length are taken up more rapidly than 250 nm rods or 100 nm spherical particles by A375 human melanoma cells [22] . Rod-shaped particles can avoid phagocytosis depending on the initial contact angle to the macrophages [23] . The adhesion strength of non-spherical particles towards the blood vessel wall is higher than spherical nanoparticles, as shown in both experimental setting, and theoretical modeling [19, [24] [25] [26] [27] [28] . Accordingly, we prepared drug NRs in this work. We used the solvent diffusion method to prepare CPT NRs of 500.9±91.3×122.7±10.1 nm size in large quantities [29] .
We encapsulate CPT drug NRs with a bioresponsive polymer, PCL. This polymer is a US FDA-approved biodegradable aliphatic polyester, and is well-known for hydrolytic cleavage of ester groups, and its non-toxicity [30] . Nanoparticles composed of PCL polymer have been shown to exhibit increased blood circulation time, and reduced clearance by the reticuloendothelial system (RES) [31] . PCL microspheres loaded with bovine serum albumin (BSA) protein released up to 60.5% of BSA in vitro [32] . CPT, doxorubicin, and taxol-loaded PCL microspheres efficiently released the loaded drugs from microspheres that resulted in a higher degree of cancer cell growth inhibition than free drugs [33] [34] [35] . One drawback of these polymer-drug conjugates is drug's aggregation with polymers [16] , and, therefore, low drug release. To overcome these issues, we introduce a simple and rapid technique of interfacial polymer deposition on the surface of pure drug NRs in large quantities. NRs provide greater contact surface area than conventional nanospheres, and thus, ensure greater receptor-ligand interactions for binding [36] . We deposit a PCL coating from liquid precursors surrounding CPT NRs simultaneously during NR formation.
Our nanocarrier system aims at breast cancer cell targeting by human epidermal growth factor 2 (HER-2) protein specific antibody conjugation. TTZ (Herceptin; Genentech) monoclonal antibody (mAb) binds to HER-2 overexpressed at the cell membrane by many cancer cells, including breast cancer cells [37] . It is shown that TTZ-conjugated polystyrene NRs accumulate only in HER-2 positive breast cancer cells by multivalent interactions with HER-2 receptors [18] . TTZ reduces proliferation of breast cancer cells by binding to the extracellular domain of HER-2 receptors, preventing HER-2 dimerization, and thereby inducing subsequent cell cycle arrest in G1 [38] . In this study, we simultaneously delivered CPT and TTZ drugs using PCL coated NRs to achieve synergistic inhibition effects on breast cancer cell growth at low concentrations.
Materials and methods

Synthesis of PCL polymer coated CPT NRs
All reagents were purchased from Sigma-Aldrich (St. Louis, MO, USA) unless otherwise specified. We deposited a thin layer of PCL polymer (14 000 Da) film on CPT NRs using the solvent diffusion method [29] . Briefly, 1 ml each of 10 mg ml −1 of CPT in dimethyl sulfoxide (DMSO) and 1 mg ml −1 of PCL polymer in toluene were added to a 20 ml of reverse osmosis (RO) water using a syringe pump. Residual toluene was removed by stirring (300 rpm) the CPT-PCL NR suspension overnight at room temperature (RT; ∼22°C). DMSO was removed by centrifugation at 3000 rcf, followed by five times washing using RO water. PCL-coated CPT (CPT-PCL) NRs were freeze-dried, weighed and stored at 4°C. CPT concentrations were measured and quantified by reading absorbance at 366 nm using a plate reader (BioTek Synergy; BioTek, Winooski, VT, USA), and the CPT calibration curve [18, 29] The theoretical content of PCL weight in CPT-PCL NRs was calculated based on the weight of freeze-dried particles and CPT amount. Percent encapsulation efficiency of CPT and PCL were calculated based on their initial mass of samples.
Characterization of CPT-PCL NRs
The morphology and size of CPT-PCL NRs were examined under transmission electron microscope (TEM; Tecnai F20, Hillsboro, OR, USA) at an accelerating voltage of 120 kV. A drop of 10 μl CPT-PCL solutions in water was air-dried on carbon-coated copper grids (Ted Pella, Redding, CA, USA). The NR diameter, NR length, and thickness of the polymer coating were measured using ImageJ (version 1.45S, NIH, USA). Uncoated CPT NRs were imaged using a scanning electron microscope (SEM; Helios Nanolab 600 FIB, Hillsboro, OR, USA). The surface charges of NRs in PBS were determined by dynamic light scattering using a NanoSeries Zetasizer ZS 90 (Malvern Instruments Ltd, Malvern, Worcestershire, UK), and the backscattering detection at 90°. The zeta potential was measured for 15 runs. Data was analyzed using means and standard deviations of three concentrations.
Degradation of PCL coating and stability of lactone form of CPT in CPT-PCL NRs
The degradation of PCL coating and conversion between lactone and carboxylates in CPT were analyzed by Fourier transform infrared (FT-IR) spectroscopy. The disappearance of ester groups in PCL backbone and appearance of carboxyl and hydroxyl groups were studied using FT-IR spectra. Briefly, CPT-PCL NRs were incubated for 72 h at 37°C in PBS at pH 6. Samples were freeze-dried to sublimate any water, and ground at 1:100 weight ratio with FT-IR grade potassium bromide (KBr; Alpha Aesar, Ward Hill, MA, USA). Hydrolytic degradation was monitored by comparing the intensity of ester, alcohol and carboxyl bands at t=0 and 72 h for the same amount of PCL in NRs. To evaluate the conversion of active lactone rings into inactive carboxylic acids in coated NRs, CPT NRs alone without PCL coating was used as a control. The FT-IR absorbance spectra were obtained for 32 scans over the range of 4000-500 cm −1 using a Thermo Nicolet Nexus 470 FT-IR (Thermo Electron Corporation, Waltham, MA, USA). The FT-IR spectrometer was equipped with an electronic temperature control (ETC) EverGlo IR Source, and a deuterated triglycine sulfate detector. The sample resolution was set at 4 cm −1 . Background noises were obtained from the ambient air without a sample in place and subtracted from the sample spectra. All spectra were analyzed using EZ OMNIC E.S.P v.5.1 software (Thermo Scientific, Waltham, MA, USA).
Quantification of CPT drug release
CPT drug release was conducted by exposing CPT-PCL NRs to phosphate buffered saline (PBS) at pH 6.0 (to mimic the cancer microenvironment) and pH 7.4, and at 37°C. Bare CPT NRs without the PCL coating was used as a control. PBS of 500 μl were sampled at different time intervals of t=0, 0.5, 2, 4, 8, 24, 36 and 72 h. CPT drug concentrations, that were released to the buffer, were measured using absorbance at 366 nm and CPT standard curve. These test tube experiments were not run in presence of fetal bovine serum (FBS) because FBS has high spectroscopic background noises.
Conjugation of antibody on the surface of CPT-PCL NRs
TTZ antibody (Genentech, South San Francisco, CA, USA) was conjugated to the surface of CPT-PCL NRs by coupling primary amines of TTZ with ester groups of PCL forming amide bonds. Briefly, 10 mg ml −1 TTZ solution was prepared in PBS of pH 7.4. 10 mg CPT-PCL NRs were added to 1 ml of TTZ solution, mixed, and incubated at RT. The unreacted reagents were separated using 100 kDa membrane filters (EMD Millipore Amicon Ultra-0.5). The supernatants were collected by centrifugation at 1000 rcf and analyzed by the BCA protein assay (Pierce Biotechnology, Rockford, IL, USA). BSA was used to prepare HER-2 non-targeted CPT-PCL-BSA NRs.
In vitro cell growth inhibition
The effectiveness of combination treatments using CPT-PCL-TTZ NRs was evaluated in HER-2 positive BT-474 breast cancer cells (ATCC) and HER-2 negative cell line MDA-MB-231 (ATCC, Manassas, VA, USA). The cells were cultured in Hybri-Care (ATCC), and RPMI 1640 (Life BSA was used an HER-2 non-specific control. Cells were also treated with the same concentrations of PCL, CPT NR, and TTZ solutions to determine the individual cytotoxic effect. Cells treated with 10 μl of PBS were used as positive controls.
The medium was replaced with fresh medium after 3 h. Following 72 h, the plates were centrifuged at 100 rcf for 15 min. The supernatant was discarded. Live cells were stained with 2 μM calcein AM (Life technologies) in PBS by incubating at RT. for 30 min. The fluorescence intensity (F.I.) of calcein AM was measured using 485/528 excitation/emission filters using the plate reader (BioTek Synergy 2). The percentage inhibition of cell growth was calculated using equation ( 
To examine that the cell growth inhibitory effects were induced by NRs intracellularly, BT-474 cells were incubated with CPT-PCL-TTZ NRs for 6 h at 37°C in eight-well glass chambers (Lab-Tek). TTZ was labeled with Alex Fluor 594 dye according to the manufacturer (Molecular Probes)'s protocol. After 2 h of NR incubation, the cells were washed with PBS three times to remove unbound particles and reincubated with the medium for 4 h. Cells were imaged using a scanning laser inverted confocal microscope (Ti-Eclipse; Nikon Inc., Melville, NY, USA) and 40x objective. The excitation/emission used for CPT and Alexa Fluor 594 were 360/400 and 590/617 nm, respectively.
Statistical analysis
Each experiment was carried out with three independent experiments of at least triplicate measurements. The mean differences and standard deviations were evaluated.
Results
Preparation of a thin layer of PCL coating on CPT NRs
We developed an engineering technique based on the solvent diffusion method to prepare PCL coated CPT NRs of 500.9±91.3 nm×122.7±10.1 nm in length and width, respectively ( figure 1(a) ). This process involved three steps: phase separation, CPT NR formation, and PCL deposition. CPT NRs were formed because of phase separation from the DMSO oil phase into water under mild stirring (∼300 rpm) [18, 29] . At the same time, PCL polymer films were coated on CPT NRs by virtue of van der Waals attractive forces between CPT NR surface and PCL polymer under low shear stress [41] . The combination of adhesive and shear forces spread the polymer thinly over CPT NRs. A thin layer of 10.3±1.4 nm PCL coating was formed surrounding the CPT NR ( figure 1(b) . This is a soft coating technique that does not require high mechanical agitation, sonication or vibration, thus preventing any structural damage of drugs. In contrast, bare CPT NRs showed no evidence of coating (online supplementary figure 1) . The dry w:w ratio of CPT:PCL was 12. The electron microscopic images showed pseudo-NR aggregates because the samples were prepared by drop casting and drying of an NR suspension on a TEM grid. Moreover, samples were dried under vacuum and imaged in a high vacuum chamber that created aggregated patches of samples at the perimeter of the dried droplet. To eliminate the unambiguous NR aggregation behavior, surface charges on NRs were examined using the zeta potential. Strong negative zeta potentials of CPT NRs and CPT-PCL NRs as measured −26.8±7.71 mV (online supplementary figure 2(a) ) and −15.5±3 mV (online supplementary figure 2(b) ) in PBS, respectively indicated that the NRs were free from aggregates in colloidal dispersion. An increase in zeta potential for CPT-PCL NRs indicates the deposition of polymer on the surface of CPT NRs.
Degradation of PCL coating using FT-IR spectroscopy
The degradation of functional groups of PCL coating was determined by FT-IR analysis (figure 2). The infrared spectra of CPT-PCL NRs were compared before (t=0; figure 2, dotted line) and after (t=72 h; figure 2, solid line) incubation in PBS at pH 6 that mimics the slightly acidic cancer microenvironment. The presence of a strong band at 1746 cm −1 is due to the presence of ester carbonyl group that corresponds to the -CO stretching in PCL polymer coating before degradation (dotted line). The band intensity at 1746 cm −1 decreased after 72 h due to hydrolytic cleavage of ester bonds at pH 6 (solid line). The peak at 1288 cm −1 represents C=O stretching in the PCL polymer backbone [42] , which decreases in intensity at t=72 h. The peaks at 1460, 2860 and 2930 cm −1 correspond to the characteristic absorption of the C-H stretching bonds of ε-CL. The appearance of the peak at 2370 cm −1 in t=72 h spectra are characteristics of -OH functional group in the carboxylic acid (-COOH) indicating the hydrolysis of ester bonds (online supplementary figure 3) . The peak at 3420 cm −1 indicates the presence of O-H stretching in alcohol that increases in intensity at t=72 h. The absorption band of the hydroxyl group is also present at t=0 h, which, may be, due to absorption of moisture from the atmosphere. This also resulted in substantial artifacts in the FT-IR spectra of uncoated NRs. The FT-IR spectra of CPT NRs without PCL coating (figure 2, dash line) shows carbonyl stretching for cyclic ester (lactone) at 1630 cm −1 and C-C(=O)-O stretching for carboxylate at 1294 cm −1 [43] . The carboxylate peak was not observed in CPT-PCL NRs suggesting the protection of the active form of lactone rings underlying the PCL coating.
CPT drug release with PCL coating degradation
The percentage of CPT release at different time intervals is shown in figure 3 as calculated using the CPT standard curve (online supplementary figure 4) . A slow release was observed at pH 6 (solid line) with 8.2% CPT release in the first 0.5 h following 32.6% release after 8 h, and 51.5% after 72 h. The release rate is comparable with the release patterns of CPT from poly(D,L-lactide-co-glycolic acid) (PLGA)
microspheres [44] , and HCPT-1 from PCLLA-PEG-PCLLA [33] . At pH 7.4 (dotted line), the release profile was slower, and it needs almost 72 h to reach ∼30% release, indicating the coating effect of bioresponsive PCL barrier. The influence of PCL coating on a controlled CPT release was further confirmed by faster drug release rates (∼30% by 10 h) from bare CPT NRs without the PCL coating at pH 7.4 (online supplementary figure 5 ; solid squares; solid line). Interestingly, a decrease in the pH to 6.0 demonstrated only ∼10% drug release from bare CPT NRs (online supplementary figure 5 ; open squares; dotted line) indicating an influence of the acid responsive PCL polymer on CPT release. The CPT drug release data were fitted to the following well-known powerlaw equation (3) [45, 46] to describe its release behavior from PCL polymer:
t is the fraction of CPT released at the time, t, k is the kinetic constant, and n is the diffusion exponent for drug release. By plotting
log (online supplementary figure 6), n was calculated 0.4 for CPT drug release, indicating a Fickian drug diffusion [45, 46] .
Preparation of antibody-targeted CPT-PCL-TTZ NRs
TTZ antibody was conjugated on the surface of CPT-PCL NRs by amide bond formation between the ester groups of polymer and amines on the antibody (online supplementary figure 7 ). The advantage of this method is the avoidance of preliminary modifications of the antibody such as activation by carbodiimide that reduces its activity [47] . TTZ covalent binding will help to deliver the NRs at breast cancer cells. The encapsulation efficiency was expressed as the weight ratio among CPT, PCL and proteins (TTZ or BSA) incorporated in NRs (table 1). The protein concentrations were measured using the BCA protein assay and BSA standard curve (online supplementary figure 8) . The weight ratio of CPT:PCL:TTZ and CPT:PCL:BSA were calculated as 12:1:9 and 13.9:1:9.4, respectively (table 1(a)). Table 1(b) shows the percentage encapsulation of CPT, PCL, TTZ and BSA in respective NRs.
Inhibition of breast cancer cell growth by CPT-PCL-TTZ NRs
The therapeutic activity of CPT-PCL-TTZ NRs was evaluated in HER-2 positive BT-474 (figure 4) and HER-2 negative MDA-MB-231 cells (online supplementary figure 9 ) at varying concentrations. The x-axes in figure 4 and online supplementary figure 9 represent the concentrations of CPT NRs where PCL and TTZ concentrations also vary at the same ratios as shown in table 1(a). The concentrations are similar to the previously reported doses in human breast cancer cells [7, 8, 29, 48] . Cytotoxic effects by bare CPT NRs, TTZ solution alone, and PCL alone are shown in online supplementary figure 10. CPT NRs inhibited the growth of HER-2 positive BT-474 cells in a dose-dependent manner. The combination of CPT and TTZ using CPT-PCL-TTZ NRs inhibited up to 61.6% BT-474 cell growth at 10 μg ml −1 .
At this concentration, CPT-PCL-TTZ NRs inhibited the cell growth 1.5 fold more than CPT-PCL-BSA NRs. The difference in growth inhibition between CPT-PCL-TTZ and CPT-PCL-BSA indicates the antibody dependent growth inhibition effects of TTZ on HER-2 positive BT-474 cells [49, 50] . The synergistic effect of CPT and TTZ was verified by calculating CI using equation (2) . The CI was calculated 0.5<1.0 using CPT NR and TTZ concentrations of 10 μg ml −1 and ∼37 μg ml 
Discussion
The study of PCL polymers for CPT NR coating reveals protection of the drug in vitro. At physiological pH, the unstable E-ring lactone in CPT is converted to carboxylate form, which possesses high affinity to HSA and is preferentially eliminated [1, 2] . This is a clinical hurdle to CPT therapeutic efficiency. Encapsulation of CPT inside PCL polymer coating prevents CPT from being converted into the inactive carboxylate form [51, 52] . As it is observed from the FT-IR data (figure 2) that the PCL coating undergoes hydrolytic degradation producing non-toxic by-products (alcohol and water) (online supplementary figure 3) . The slow degradation of the polymers released CPT drugs from NRs at pH 6 (figure 3; solid line). At pH 7.4, PCL polymer coating does not allow for fast CPT penetration ( figure 3 ; dotted line). The elongated NR design allows for long circulation time in the body [24, 26, [53] [54] [55] , and multivalent interactions with cancer cells [21, 56, 57] , increasing the probability of receptor-ligand interactions. It is shown that the active targeting of breast cancer cells using the similar dimension of NRs of CPT with TTZ attached to the breast cancer cell surface [18, 29] . The layer of TTZ antibody on the surface of NRs offers the feature of targeted therapy.
We simulated the acidic nature of cancer cell microenvironment [58, 59] using PBS at pH 6 and determined the effects on the stability of NRs. The in vitro release of CPT in the first 30 min was minimal, with only 7.4% of the total CPT drugs in NRs being released ( figure 3; solid line) . The polymer coating began to disintegrate, releasing ∼40% of total CPT in 24 h and more than 50.8% in 72 h. A 100% drug release of CPT was limited by its low (∼10 μg ml −1 ) water solubility [60, 61] . Galbiate et al measured 40% cumulative dissolution of CPT over 3 days from chitosan biopolymer coated microcapsules in PBS of pH 7.4 [62] . Approx. 20% CPT release from polydopamine nanoparticles had been reported over a period of 24 h at pH 7.5 [63] . The in vitro data provide guidance for understanding the fundamentals of CPT drug release, however, burst release of drugs may occur under complex physiological conditions such as high fluid pressures, and the presence of enzymes.
Interaction with cancer cells is important for most nanoparticles reaching the target site. We performed molecular targeting by conjugating TTZ to the surface of CPT-PCL NRs. It was observed that the HER-2 negative MDA-MB-231 cell line was also sensitive to NRs (online supplementary figure 9) . No difference between CPT-PCL-BSA and CPT-PCL-TTZ was found in these cells. We conjecture that this might be due to effective non-specific endocytosis in vitro. Collectively, our results support a purely cytostatic effect of these drugs in vitro.
Conclusions
We have developed a simple method of a thin (10.3±1.4 nm) layer of bioresponsive PCL polymer coating on CPT anti-cancer drug NRs. As the drug molecules precipitated out of its organic solvent into an aqueous phase, the molecules aggregated and formed NRs. The PCL polymers spread thinly over drug NRs due to van der Waals and hydrogen bonding effects. This process did not produce any adverse mechanical effects to prepare the NRs, thereby, retaining active structures of therapeutic drugs. One merit of our method is the preparation of PCL-coated CPT NRs of (500.9±91.3×122.7±10.1) nm size in large quantities. We characterized the degradation of CPT-PCL NRs using FT-IR analysis, and release of CPT in a simulated pH condition in cancer microenvironment. Conjugation of TTZ to the surface of CPT-PCL NRs significantly inhibited the growth of BT-474 breast cancer cells. Overexpression of HER-2 increases breast cancer cell proliferation in part by transactivation of enhanced growth factor receptor signaling [37, 49, 64] . Blocking of HER-2 by TTZ binding proved to suppress the cells growth. In vivo studies are needed for therapeutic efficacy. Nonetheless, our current results found thus far are promising and continue to shed the light of inherent benefits of improved breast cancer therapy.
